Aim: Human impacts have shaped species ranges throughout the Holocene. The putative native range of beech, Fagus sylvatica, in Britain was obscured by its late post-glacial arrival and subsequent extensive management. We sought to differentiate the interacting effects of post-glacial colonization and anthropic impacts on the current genetic structure and diversity of beech by contrasting phylogeographical signals from putatively natural and translocated populations.
tions throughout Great Britain. Anecdotal, historical and palynological evidence suggest that the native range of beech was limited to south-east England (Rackham, 1980; Pott, 2000; Packham et al., 2012) . Despite this commonly held view, this species has been classified as native throughout mainland Great Britain, due to insufficient evidence available to accurately define the native range (Preston, Pearman, & Dines, 2002) . At the regional scale, the species range is believed to be under broad climatic control (Huntley et al., 1989) and in Great Britain, beech has naturalized further north than its presumed native range in the south-east.
Pollen records from Great Britain indicate that beech migrated into south-east England, with its first establishment just before 3,000 yr BP. Beech maintained a steady rate of spread of 100-200 m per year, whereas the majority of other tree species displayed a decrease in the rate of spread. The relatively constant rate of spread suggests that beech had not reached its natural climatic limit by 1,000 yr BP (Birks, 1989) . Human intervention might have manipulated the species' range before it reached its climatic range limit (Packham et al., 2012; Watt, 1931) . Historical records suggest the existence of native populations that occur further north than the predicted range as suggested by pollen evidence (Rackham, 1980) . However, confirmation of the species' presence in the pollen record does not directly indicate native origin of forests that exist today.
Beech, therefore, provides a valuable model for understanding how human intervention through translocation of material might impact the genetic structure and diversity of natural populations.
Studies that aim to determine the "native status" of a species in a particular region have hypothesized that introduced populations are genetically depauperate as they originate from limited source propagules (Fuentes-Utrilla et al., 2014; Stone & Sunnucks, 1993) .
Consequently, we sought to determine the interacting effects of past migration and anthropic impacts on the current genetic structure and diversity of beech by assessing if a phylogeographical signal of natural colonization can be identified in its putative native range.
We used a combination of conservative, maternally inherited chloroplast markers (Magri et al., 2006; Reboud & Zeyl, 1994) and highly variable nuclear markers to explore regional trends in genetic variation in combination with historical and palynological data. Extensive sampling was carried out in both the putative native and non-native range across Great Britain. We hypothesized that: (1) patterns associated with natural colonization, such as spatial genetic structure, should persist in the putative native range, and putative native sites will show high genetic similarity; (2) patterns driven by natural colonization should be absent in the putative non-native range due to extensive translocations of plant material by humans outside the putative native range; (3) putative non-native sites should display lower levels of haplotypic and genotypic diversity and greater interpopulation divergence, compared with putative native sites, due to the high levels of genetic drift associated with the translocation of a limited number of genotypes. We refer to sites as "putative native"
and "putative non-native" as the a priori assigned origins of sites used in our study are purely for analytical purposes and should not be taken as precedent.
| MATERIALS AND METHODS

| Study species
Fagus sylvatica L. is a broadleaved, monoecious, primarily outcrossing tree, with pollen dispersed by wind and seeds dispersed by gravity and animals ( Figure 1 ; Wagner et al., 2010; Packham et al., 2012) . It covers approximately 14 million ha, forming the dominant forest type in much of mainland Europe. With the exception of Great Britain, the distribution of beech is primarily climatically limited owing to the species' drought and late frost susceptibility (Peterken & Mountford, 1996; Watt, 1923) . Beech trees reach approximately 300 years of age, commencing flowering typically between 40 and 80 years (Firbas & Losert, 1949 (Magri et al., 2006) . Recent evidence found in Denmark suggests that post-glacial colonization was aided by occasional long-distance dispersal events, leading to the establishment of beech and other temperate tree species ahead of their main colonization fronts (Overballe-Petersen, Nielsen, Hannon, Halsall, & Bradshaw, 2012) and might have contributed significantly to the observed rates of spread of the species (Feurdean, Bhagwat, Willis, Birks, & Lischke, 2013 ).
| Study sites
Forty-two populations were sampled across Great Britain (Figure 2 ).
Using a combination of historical records, palynological and anecdotal evidence, study sites were designated a priori as stands of putative native or putative non-native origin (see Table S1 .1 in Appendix S1 in Supporting Information). In each site, leaf samples were collected from 20 mature trees within a 10-ha area, preferentially sampling the oldest trees determined by using diameter at breast height (DBH) as a proxy for age. All samples were georeferenced using a GARMIN 62s handheld GPS (Garmin, Southampton, UK).
| Molecular analysis
DNA was obtained from the silica gel dried leaf samples and isolated using the QIAGEN DNeasy 96 Plant Kit (Qiagen, Venlo, the Netherlands). Of 840 samples, 802 individuals were successfully genotyped using four Chloroplast DNA (CpDNA) microsatellite markers [ccmp4, ccmp7 (Weising & Gardner, 1999) , cmcs3 and cmcs12 (Sebastiani, Carnevale, & Vendramin, 2004) ]. Chloroplast markers were combined in one PCR multiplex, FSCplex, using 10 ng of template DNA and the QIAGEN Typeit Microsatellite PCR Kit with the following primer concentrations, ccmp4 at 0.5 lM, ccmp7 at 0.5 lM, cmcs3 at 3 lM and cmcs12 at 3 lM. Annealing temperature was set to 55°C, with a total PCR reaction volume of 10 lL. Eight hundred and thirty-seven individuals were successfully genotyped using 13 nuclear microsatellite markers (fs103, fs115, fs304, fs446, fcm5 (Pastorelli et al., 2003) , mfc7 (Tanaka, Tsumura, & Nakamura, 1999) , mfs11 (Vornam, Decarli, & Gailing, 2004) , sfc00072, sfc0018, sfc0036, sfc1143, sfc1061, sfc1063 (Asuka, Tani, Tsumura, & Tomaru, 2004) processed in three multiplexes as detailed in Sj€ olund and Jump (2015) . A total of three chloroplast microsatellite loci were used, excluding cmcs12 as it was monomorphic. Fragment analysis was performed on an ABI 3730 DNA analyzer (Applied Biosystems, Bleiswijk, Netherlands) and allele scoring on GENEMARKER 2.4.0 (SoftGenetics, State College, PA, USA).
Scoring errors and null alleles in nuclear loci were checked using MICRO-CHECKER (Van Oosterhout, Hutchinson, Wills, & Shipley, 2004) .
Analyses presented exclude fs4-46, fcm5 and fs1-15 due to null allele presence and use a total of 10 nuclear microsatellite loci.
Gametic disequilibrium was tested between pairs of nuclear loci using FSTAT 2.9.3.2 (Goudet, 1995) , identifying significant associations between loci by randomly associating genotypes at pairs of loci 1100 times, using a 5% nominal level after Bonferroni correction.
The multilocus average error rates were 0.0% for the three chloroplast loci and 0.4% for the 10 nuclear loci included in analysis. The error rate per locus was calculated as the number of erroneously assigned loci over 45 repeated samples.
2.4 | Measuring genetic diversity and structure using nuclear and chloroplast markers Estimators of genetic diversity were prefixed with "c" for chloroplast and "n" for nuclear. Multilocus estimates of haplotypic and genotypic diversity were mapped in ARCMAP 10 (ESRI software) against the pollen isochrones from Birks' (1989) map for the rational limit of beech pollen. Chloroplast haplotypic diversity was measured as the number of haplotypes (cH N ) and the number of private haplotypes (cH P ).
Nuclear genetic diversity was measured as rarefied allelic richness (nA R ) (Petit, Mousadik, & Pons, 1998) , gene diversity corrected for sample size (nH S ) (Nei, 1978) and the inbreeding coefficient (nF IS ) with p-values derived from 10,000 permutations of gene copies within individuals per site (Weir & Cockerham, 1984) , calculated in F I G U R E 2 Geographical variation in chloroplast haplotypic diversity of beech in Great Britain. A total of seven haplotypes are displayed against Birks' (1989) isochrones. Putative native sites are outlined SPAGEDI 1.4b (Hardy & Vekemans, 2002) , and rarefied private allelic richness (nA P ) calculated in ADZE 1.0 (Szpiech, Jakobsson, & Rosenberg, 2008) . The minimum number of gene copies (k) used for rarefication analysis of nA R and nA P is 38. To map nuclear genetic differentiation, for each site we calculated the percentage of total sites that it was significantly differentiated from (i.e. percentage of differentiated sites, nDS (%)), based on nF ST values (Weir & Cockerham, 1984) . nF ST values were obtained from pairwise tests of genetic differentiation not assuming Hardy-Weinberg, with significances determined for a 5% nominal level after Bonferonni correction in FS-TAT 2.9.3.2 (Goudet, 1995) .
To test for the differences in nuclear-based measurements, nA R , nH S , nF IS and nF ST among a priori determined groups of putative native and putative non-native sites, we performed permutation tests using FSTAT 2.9.3.2 (Goudet, 1995) . The difference between putative native and putative non-native groups in the remaining estimators nA P and cN H were tested using the nonparametric MannWhitney U-test. To quantify the distribution of variation displayed by the maps of nuclear genetic diversity and chloroplast haplotypes (considering haplotype distances) we tested both marker sets in a hierarchical analysis of molecular variance (AMOVA) performed in ARLEQUIN 3.5.1.2 (Excoffier & Lischer, 2010) with sites grouped into potential stand origin, putative native or putative non-native.
| Testing isolation-by-distance with nuclear markers
Subsets of sites with putative native and putative non-native origin were tested for isolation-by-distance following Rousset (1997) using nuclear markers in SPAGeDi 1.4b (Hardy & Vekemans, 2002) with significance of the slope of the correlation of the natural log of the
was computed after 10,000 permutations of sites among locations.
isolation-by-distance was analysed with and without the continental datasets to check whether a geographical cline in allelic frequencies was influencing clustering (Guillot, Leblois, Coulon, & Frantz, 2009 ).
To test for geographical gradients in genetic diversity, we performed
Pearson's product-moment correlation tests on all genetic diversity estimators and all sites, including separate tests on subsets of putative native and putative non-native sites.
| Analysing population clusters
Individual-based Bayesian assignment methods were performed using data from nuclear loci in STRUCTURE 2.3.4. (Pritchard, Stephens, & Donnelly, 2000) using the correlated allele frequency model (Falush, Stephens, & Pritchard, 2007) , the admixture ancestry model and site location a priori (LOCPRIOR option) to improve the detection of weak population structure (Hubisz, Falush, Stephens, & Pritchard, 2009) . No stand origin was included a priori in cluster analysis. To examine relationships between British samples and putative colonization sources in continental Europe, we included nuclear microsatellite data from a subset of 150 samples collected from native beech forests in France, Germany and Italy as detailed in Sj€ olund and Jump (2015) . Analysis without continental samples revealed a similar structure in Britain to that found with continental samples, therefore we present the data including continental samples to set the results in context. K was set from 1 to 20, with 10 runs each. Runs consisted of 500,000 Markov chain Monte Carlo (MCMC) iterations with a burn-in period of 100,000. To observe the consensus in number of clusters in the data, we plotted the log probability of the data (LnP(D)), identifying K where log likelihood values converged. Individual Q-matrices were computed in CLUMPP 1.1.2 (Jakobsson & Rosenberg, 2007) , with graphics created in DIS-TRUCT 1.1 (Rosenberg, 2004) . As results indicated cryptic genetic structure in the putative native range, we performed a subsequent analysis on a subset of the 17 putative native sites (i.e. using the putative stand origin a priori) under the same conditions as the main model and excluding continental samples to test for further population sub-structure.
| Demographic history
We used an approximate Bayesian computation (ABC) framework implemented in DIYABC 2.1.0 (Cornuet, Ravign e, & Estoup, 2010) to explore scenarios of demographic history that were likely to have generated current regional genetic structure of beech in Britain according to the results obtained from analyses of regional genetic structure, combined with palynological and historical information.
Populations were grouped regionally according to Birks' (1989) . Thirty-six summary statistics were used for the ABC analysis. Three single sample statistics were used (mean number of alleles, mean Nei's genetic diversity index (Nei, 1987) and mean allele size variance), and three between-sample statistics (mean allele size variance, F ST and mean index of classification (Rannala & Mountain, 1997; Pascual et al., 2007) ). Following the methods outlined by Cornuet et al. (2010) , type I and type II errors were estimated to evaluate the power of the model. The selected scenario was used to estimate posterior distribution of demographic parameters.
3 | RESULTS
| Geographical trends in genetic diversity
Three variants were detected for chloroplast loci, ccmp4, ccmp7 and cmcs3. The number of haplotypes (cH N ) within sites ranged from one to four, with a total of seven haplotypes recorded ( 3.2 | Differences between groups of putative native and non-native sites Significantly higher levels of gene diversity (nH S ) were found in putative native sites, compared to putative non-native sites; nH S : putative native 0.708, putative non-native 0.690 (p < 0.05) ( Table 1 ).
The general trend of lower gene diversity in sites outside of the putative native range can be seen in the map for gene diversity in 
| Isolation-by-distance
Significant isolation-by-distance was found in Britain among putative native sites (refer to Figure 4C : slope = 0.0085, R 2 = 0.10, p < 0.05).
Isolation-by-distance was not significant among putative non-native sites, nor was it significant in all sites combined with and without Table S2 .1 in Appendix S2 in Supporting Information).
| Detection of further regional structuring using nuclear markers
Mean log-likelihood values for each of the STRUCTURE runs on samples from Britain including the continental samples, gradually ceased to converge after K = 2, after which they began to plateau (see Fig. S3 .1 in Appendix S3 in Supporting Information). Examination of Q-matrices indicated that K = 3 provided meaningful biological clusters that followed a regional distribution ( Figure 5) . Although values of Ln P(D) for K = 3 varied more than K = 2, assignment of individuals to clusters were congruent between runs (see Fig. S3 .2 in Appendix S3 in Supporting Information).
Several sites throughout Britain contained highly admixed individuals, whereas individuals from continental sites displayed homogenous levels of admixture among individuals within site. Organizing the Q-matrix according to Birks' (1989) isochrones in approximate geographical order revealed some consistency in cluster assignment between neighbouring sites ( Figure 5 ). There appeared to be a geographical gradient in the continental clusters with the predominant cluster being blue in ITA, to grey in FRA and GER, with the introduction of the red cluster in GER. TAN appears to have the highest assignment to the blue cluster out of any other sites in Britain. Individuals from Britain were largely assigned to the grey and red clusters. The red cluster appeared to be associated with sites
T A B L E 1 Genetic diversity estimates obtained from nuclear (n) and chloroplast (c) markers for beech in Great Britain. Data from chloroplast (c) markers include; cN, no. of samples; cH N , no. of haplotypes, † identifies private haplotypes (cH P ). Data from nuclear (n) markers include; Model-based inference using ABC analyses indicated that scenario 2 was supported with maximum probability compared to around zero support for scenarios 1 and 3 ( Figure 6 ). This is indica- 
| Native origins of beech in Britain
The distribution of chloroplast haplotypes and modelled demographic history strongly support the colonization of northern beech populations from stock originating from the putative native range of beech. The distribution of haplotypes in Britain matched the expected phylogeographical signal of post-glacial colonization, with the highest number of haplotypes found in south-eastern sites, LUL and BLE (Table 1 ; Figure 2 ) in close proximity to the purported entry point of beech migration into Britain (Birks, 1989) . All the haplotypes, except one (G), were represented in these sites, suggesting that the majority of Britain's beech forests were colonized from native stock. Similar south to north patterns in haplotype distribution have been found for other European tree taxa, including Alnus, Quercus and Populus (King & Ferris, 1998; Petit, Csaikl et al., 2002; Cottrell et al., 2005) Britain. This is likely a consequence of our larger sample size, the significant partitioning of haplotype variation between sites and polymorphism in cmcs3. Restricting analysis to ccmp4 and ccmp7 used by Magri et al. (2006) reduces haplotype number to four (data not shown) and matches the regional trend seen with all three loci, with diversity restricted to south-eastern sites. The average levels of rarefied allelic richness using nuclear markers in Britain (nA R = 6.25 AE 0.08) were lower than those reported in studies using some of the same microsatellite markers, approximately ranging from 8.2 to 18.2 in other studies (Buiteveld, Vendramin, Leonardi, Kamer, & Geburek, 2007; Jump & Peñuelas, 2006; Sj€ olund & Jump, 2015) .
Sites in Britain also displayed lower levels of rarefied private allelic richness (nA P = 0.044 AE 0.007) compared with sites in continental Europe sampled by Sj€ olund and Jump (2015) where values for nA P ranged between 1.51 and 2.36. Overall levels of gene diversity were similar to those found in other studies (nH S = 0.696 AE 0.004) (Buiteveld et al., 2007; Jump & Peñuelas, 2006; Oddou-Muratorio, Vendramin, Buiteveld, & Fady, 2008; Sj€ olund & Jump, 2015) .
| Genetic variation between groups of different a priori stand origins
Isolation-by-distance occurs when the genetic differentiation between individuals or populations increases with geographical distance (Wright, 1940) . In plants, this is primarily a consequence of restricted gene flow via seed or pollen (Loveless & Hamrick, 1984) .
T A B L E 2 Hierarchical analysis of molecular variance (AMOVA) for chloroplast and nuclear markers for beech in Great Britain. Although beech is assumed to show high levels of gene flow as a wind-pollinated tree, it displays significant structuring at local (Chybicki, Trojankiewicz, Oleksa, Dzialuk, & Burczyk, 2009; Jump, Rico, Coll, & Peñuelas, 2012; Piotti et al., 2013; Sj€ olund & Jump, 2015) and regional scales (De Lafontaine, Ducousso, Lef evre, Magnanou, & Petit, 2013; Jump & Peñuelas, 2006) . In agreement with the significant genetic structuring found in natural populations of beech, putative native sites displayed a weak but significant trend of isolation-by-distance based on nuclear loci, which was absent in putative non-native sites, with the addition of all sites obscuring the isolation-by-distance signal (Figure 4 ).
Populations of beech in France with relatively recent colonization histories displayed stronger isolation-by-distance compared to southern refugial populations in France (De Lafontaine et al., 2013) . As beech only arrived in Britain around 3,000 yr BP (Birks, 1989) , isolation-by-distance in the putative native range is likely driven by relatively recent colonization dynamics. In contrast, widespread translocations are likely to have prevented the development of isolation-by-distance between putative non-native populations, possibly due to the anthropic movement of plant material throughout the country. A similar result was found by Leonardi et al. (2012) in beech populations of different levels of fragmentation in central
Italy. Isolation-by-distance in less fragmented non-marginal populations was obscured when populations from marginal, fragmented populations where included. This finding was interpreted as a result of intense genetic drift in fragmented populations.
We found a significant decrease in gene diversity (nH S ) in putative non-native sites, suggesting a reduction in genetic diversity due to founder effects, although the magnitude of this difference may have been limited by high gene flow associated with wind pollination. However, no significant difference was found for rarefied allelic richness between sites of different origins. Allelic richness is expected to be more sensitive to reductions in effective population sizes, as rare alleles, which do not contribute considerably to gene diversity, are more likely to be lost first (Nei et al., 1975) . Low levels of allelic richness throughout Britain suggest a significant proportion was lost during post-glacial colonization, probably due to founder effects. The lack of a pattern in allelic richness between putative native and putative non-native sites may be due to a lack of sensitivity of the analysis arising from the comparison of two already limited gene pools. In agreement with theoretical predictions, gene diversity throughout Britain displayed similarly high levels to that found on the continent (Buiteveld et al., 2007; Jump & Peñuelas, 2006; Oddou-Muratorio et al., 2008; Sj€ olund & Jump, 2015) . Although putative native sites displayed the highest average private allelic richness (nA P ), this difference was not statistically significant.
F I G U R E 4
Comparison of isolation-by-distance analyses among beech populations in putative native and putative non-native regions in Great Britain and continental Europe. Sites included in the analysis are as follows; (a) British sites only; (b) British and continental sites; (c) putative native sites; (d) putative non-native sites
Comparison of modelled colonization scenarios of beech in Great Britain. There are four assumed populations of beech: South (SGB), Central (CGB) and North (NGB) populations of Great Britain, and continental Europe (EUR). All scenarios assume colonization from EUR towards SGB and CGB and either assumes NGB originates from EUR (scenario 1-a); from natural colonization of SGB and CGB (scenario 2-b) or from the admixture of both EUR and British CGB and SGB (scenario 3-c). t1, t2 and t3 correspond to the divergence times in generations F I G U R E 5 Regional genetic structure of beech in Great Britain. Three clusters are shown in blue, red and grey. Each horizontal bar represents an individual with the proportions of its genetic make-up assigned probabilistically to each of the three clusters. Sites are ordered on an approximate geographical gradient by ordering sites following Birks' (1989) assigned predominantly to the blue and grey cluster. This is in contrast to that found in Quercus spp. (Petit, Brewer et al., 2002) and
Populus nigra (Cottrell, Forrest, & White, 1997; Cottrell et al., 2003) , where much longer periods of translocations have led to a decrease in genetic differentiation.
Individuals from the putative non-native site, TAN, may have arisen from translocation of continental stock as it displayed the highest levels of assignment to the blue cluster in Britain, similar to individuals in FRA. Individuals from the south of Britain displayed a relatively higher probability of assignment to the red cluster, which was generally associated with the putative native range, in addition to the south-west region, including putative non-native sites DEV, GOL, HEM and BRI. There appeared to be a transition between the assignment of individuals to the red and grey cluster that occurred in proximity to the border for the 1,000 yr BP isochrone, with a tendency towards assigning individuals to the red cluster in regions pre-1,000 yr BP. Only one putative native site, CWw, occurred outside of the border of the 1,000 yr BP limit and was predominantly assigned to the red cluster. However, CWw is only 15 km away from the 1,000 yr BP isochrones.
| CONCLUSION
Using multiple data sources, we were able to identify signals of natural colonization in a forest system that has been heavily impacted by humans. Our results build upon existing palynological and historical evidence to substantially advance our understanding of the contemporary genetic impact of past population translocation. Chloroplast markers suggest that the majority of trees sampled were derived from putative native stock either through natural regeneration or translocation, while nuclear markers confirm the persistence of signals of the natural colonization of beech in Britain in putative native sites. Although cryptic genetic signals of population expansion remain in the putative native range of beech, we caution against using this evidence as a means to classify stand origins, since gene flow between neighbouring regions essentially blurs the borders of the native range. Warming climate is increasing the productivity of this species in more northerly parts of its range while decreasing growth and reproduction are predicted in the south. Given that our data suggest native origin for most of Britain's populations, it is paramount that climate-induced range shifts are considered in management plans and this species managed as a whole, irrespective of regional boundaries.
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